Introduction {#S1}
============

Depression, anxiety and cognitive loss accompany the onset of menopause in a subpopulation of women. We showed that ovarian steroids increase serotonin neural function in macaques at multiple levels including gene and protein expression ([@R1]), which correlate with changes in anxiety-like behaviors ([@R2]), that in turn model aspects of mental health in women after menopause ([@R3]-[@R6]). While these acute changes in serotonin neural function are very important, we recently found that the absence of ovarian steroids led to serotonin neuron degeneration and death in the absence of any overt trauma to the brain. This was preceded by marked progressive DNA fragmentation as detected with a TUNEL assay ([@R7]). In addition, ovariectomy of young female macaques in a semi-free ranging troop resulted in significantly fewer serotonin neurons 3 years later as detected with *in situ* hybridization for expression of Fev, the master gene that determines serotonin phenotype ([@R2]). These studies were consistent with our earlier observations that estradiol (E) with or without progesterone (P) supplementation suppressed gene expression in the caspase-independent apoptotic pathway, particularly expression of Apoptosis Inducing Factor (AIF) in serotonin neurons ([@R8]). Subsequently, we showed that E or E+P decreased AIF protein, AIF phosphorylation and AIF translocation to the nucleus ([@R9]). Upon apoptotic stimuli, AIF is released from the mitochondria and translocates to the nucleus where it triggers chromatin condensation and large DNA fragmentation, as observed in ovariectomized (Ovx) macaques ([@R7]). AIF nuclear translocation is thought to be a commitment point to neuronal cell death ([@R10], [@R11]). However, we observed recovery in terms of decreased TUNEL staining after one month of E+P treatment ([@R7]).

Altogether, these studies and reports in the literature, indicated that ovarian steroids may increase gene expression for DNA repair proteins and that the lack of E or E+P could lead to serotonin neuronal degeneration or apoptosis. Because depression often accompanies NDDs, which may be delayed with hormone therapy, we also reasoned that ovarian steroids might affect the expression of normal genes that have been implicated in neurodegenerative diseases. A number of NDDs involve translation of normal genes whose proteins subserve important cellular functions, but the proteins are mis-processed, mis-folded or subverted from normal function in various ways ([@R12]). NDDs may also be caused by genetic mutations that lead to similar problems or loss of functions ([@R13], [@R14]). Therefore, it was of additional interest to examine ovarian hormone effects on the expression of a subset of genes in serotonin neurons thought to be involved in NDDs in other systems.

Alterations in neuronal function can undergo recovery, but neuronal cell death is permanent in areas lacking stem cell replacement. Therefore, subsequent therapy intended to ameliorate serotonin deficits would not be effective if the neuronal targets were gone. This could apply to antidepressant treatments in NDD, as well as hormone replacement therapy in postmenopausal women.

Unfortunately, hormone therapy has been under assault for treatment of menopausal women since release of the negative results of the Women\'s Health Initiative, which administered non-human conjugated equine estrogens and synthetic androgenic medroxyprogesterone acetate to women approximately 10 years after onset of menopause ([@R15]). Estrogenic compounds can be used in women after complete hysterectomy but estrogenic plus progestogenic compounds should be used in women with a reproductive tract. Our model involves ovariectomy of adult rhesus macaques for a relatively short time, i.e. 5-12 months, followed by subcutaneous delivery of bioidentical estradiol (E) or estradiol supplemented with progesterone (days 14-28; E+P) for one month.

In this study we examined gene expression related to DNA repair and neurodegenerative diseases in laser captured serotonin neurons in the Ovx model administered clinically appropriate doses of E or E+P. Pivotal gene changes predicted by a microarray were examined by qRT-PCR.

Materials and Methods {#S2}
=====================

This experiment was approved by the IACUC of the Oregon National Primate Research Center and conducted in accordance with the 2011 Eight Edition of the National Institute of Health Guide for the Care and Use of Laboratory Animals.

Animals and treatments {#S3}
----------------------

Nine adult female rhesus monkeys (*Macaca mulatta*) were oophorectomized (Ovx) by the surgical personnel of ONPRC \~8 months before assignment to this project according to accepted veterinary surgical protocol. All animals were born in China, were aged between 7-14 years by dental exam, weighed between 5 and 8 kg, and were in good health.

Animals were either treated with placebo (**Ovx-control group; n=3**), or treated with estradiol (E) for 28 days (**E group; n=3**), or treated with E for 28 days and then supplemented with progesterone (P) for the final 14 of the 28 days (**E+P group; n=3**). The placebo treatment of the spay-control monkeys consisted of implantation with empty Silastic capsules (s.c.). The E-treated monkeys were implanted with two 4.5-cm E-filled Silastic capsules (i.d. 0.132 in.; o.d. 0.183 in.; Dow Corning, Midland, MI). The capsule was filled with crystalline estradiol (1,3,5(10)-estratrien-3,17-b-diol; Steraloids, Wilton, NH). The E+P- treated group received E-filled capsules, and 14 days later, received one 6-cm capsule filled with crystalline progesterone (4-pregnen-3,20 dione; Steraloids). All capsules were placed in the periscapular area under ketamine anesthesia (ketamine HCl, 10mg/kg, s.c.; Fort Dodge Laboratories, Fort Dodge, IA).

The monkeys were euthanized at the end of the treatment periods according to procedures recommended by the 2013 Edition of the American Veterinary Medical Association *Guidelines for the Euthanasia of Animals*. Each animal was sedated with ketamine, administered pentobarbital (30 mg/kg, i.v.), and exsanguinated by severance of the descending aorta.

Steroid Hormone Assays {#S4}
----------------------

Assays for E and P were performed utilizing a Roche Diagnostics 2010 Elecsys assay instrument. Prior to these analyses, measurements of E and P on this platform were compared to traditional RIA\'s as previously reported ([@R16]). The E+P treatment regimen has been shown to cause differentiation of the uterine endometrium in a manner similar to a normal 28-day menstrual cycle ([@R17]).

Tissue preparation, Raphe Block and Laser Capture Dissection (n=9; 3 animals/treatment group) {#S5}
---------------------------------------------------------------------------------------------

The left ventricle of the heart was cannulated and the head of each animal was perfused with 3 liters of 1X cold RNA-later buffer (Ambion Inc., Austin, TX) plus 20% The brain was removed from the cranium, dissected into blocks and frozen at --80°C.

For laser capture, the pontine midbrain block was placed in a cryostat (Microm HM500OM) and brought to --20°C. Thin sections (7 μm) through the dorsal raphe nucleus were thaw mounted onto plain glass slides and frozen at --80°C. The next morning, the sections were processed in a rapid, RNAse free immunohistochemical assay for tryptophan hydroxylase (TPH). The sections were immersed in cold acetone for 1 minute, cold ethanol for 30 seconds, cold PBS for 3 minutes, and then covered with normal rabbit serum (NRS, 1/500) containing 1% RNAse inhibitor for 10 minutes. The NRS was removed and the sections were covered with sheep anti-TPH (1/300; Chemicon, Temecula, CA) containing 1% RNAse inhibitor for 30 minutes, then immersion washed in PBS for 3 minutes, and covered with biotinylated rabbit anti-sheep serum (1/120; Vector Laboratories, Burlingame, CA) containing 1% RNAse inhibitor for 20 minutes. The sections were then immersed in PBS for 3 minutes, covered with Vector ABC reagent for 30 minutes, immersed in cold 0.2 M Tris (pH 8.2), immersed in cold diaminobenzidine (DAB) containing H2O2 (30% solution diluted 1/5000) and dehydrated in 100% ethanol for 2 minutes. Finally, the slides were immersed in xylene for 2 minutes and then dried under vacuum for 1 hr prior to laser capture. Serotonin neurons appeared darkly stained and were captured with an Arcturus Laser Dissection Microscope (PixCell I). After capture to the microcap film (Capsure macro-211), the films were removed from the caps and immersed in lysis buffer. Up to 10 films with 1000-3000 captures/neurons each were collected into one microtube containing 200 μl of lysis buffer. Approximately 150,000 laser pulses were executed on each animal for an individual preparation (12-15 microtubes were pooled per animal). Hence, a preparation of captured cells was made for each animal and all animals were processed separately on the microarray and in the qRT-PCR assays. The variance around the group means represents animal-to-animal variation. Individuals interested in obtaining other areas of the brain for study are encouraged to contact the authors.

RNA extraction from laser captured neurons {#S6}
------------------------------------------

Each animal produced multiple tubes with 10-12 films in each tube. The tubes containing the lysis buffer and films were vortexed to dislodge the captured material from the films. Each tube was adjusted to 350 μl of lysis buffer and then 350 μl of 70% ethanol was added and mixed well. The samples were extracted with the RNAeasy microRNA kit from Qiagen according to the directions. The final eluates of an individual animal were pooled and evaporated in a Speedvac, yielding one preparation per animal. The RNA was suspended in 12 μl of TE (0.01MTris+0.005M EDTA). The quantity of RNA in the resuspended sample was determined with the Ribogreen Quantitation Kit (Molecular Probes, Eugene, OR) or with a Nanodrop Spectrophotometer (ND 1000 V3.3, Wilmington, DE). The integrity of the RNA was examined with the Agilent Bioanalyzer using the pico-chip according to the directions of the manufacturer. This laser capture preparation has been used for examination of several pathways ([@R18]-[@R21]) and it was previously shown to be enriched approximately 7-fold for serotonin neuron-related mRNA ([@R18]).

The individual animal preparations were split. An aliquot was used for hybridization to the microarray and another aliquot was set aside for qRT-PCR. Two animals per group were used for hybridization and 3 animals per group were used to confirm gene changes with qRT-PCR.

Affymetrix hybridization {#S7}
------------------------

To screen a large number of genes the Rhesus Affymetrix GeneChip was utilized. Labeled target cRNA was prepared from the laser captured serotonin neurons of 6 animals (n=2 animals/treatment group). The cRNA from the laser capture pool of each individual animal was hybridized to Rhesus Affymetrix GeneChip arrays. The Affymetrix GeneChip® Rhesus Macaque Genome Array interrogates over 47,000 M. mulatta transcripts (small sequences from 3' region of genes; 1-6 interrogated per gene). The array contains 52,024 rhesus probe sets and was designed using public data sources including data from the University of Nebraska (R. Norgren), the Baylor School of Medicine\'s rhesus macaque whole-genome shotgun assembly (October 1, 2004), and GenBank® STSs, ESTs, and mRNAs up to March 30, 2005. Additionally, probe sets were designed to interrogate rhesus transcripts orthologous to the 3' end of human transcripts (GeneChip® Human Genome U133 Plus 2.0 Array and RefSeq sequences up to March 2005), sixteen viral sequences from human and other primate species, three different rhesus r(ribosomal) RNAs, and thirteen rhesus mitochondrial genes along with control and reporter sequences. Microarray assays were performed in the Affymetrix Microarray Core of the OHSU Gene Microarray Shared Resource.

Data Analysis with GeneSifter Software {#S8}
--------------------------------------

The microarray data was used as a screen for genes that had substantial literature support for roles in DNA repair, neurodegeneration and disease. The MAS5.0 data was processed with Affymetrix GCOS interface software and compressed into CHP files and uploaded to GeneSifter (VisX Labs, Seattle, WA). The software calculated the mean signal intensity and the standard error of the mean for each treatment group. It is common for a single gene to be represented by multiple probe sets that target different areas of the 3' end of the gene. Probe sets that were undetectable in all treatment groups were eliminated. The remaining probe sets were further filtered and those probes sets exhibiting a 2-fold or greater change between the treatment groups were examined with Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and Gene Navigation or Gene Function analysis. The use of a 2-fold filter was chosen based upon a review of fold change and statistical stringency ([@R22]).

Criteria for Validation {#S9}
-----------------------

We chose to examine a technically reasonable number of genes in triplicate on a 384 Taqman qRT-PCR card that would be representative of complex functions. For example, the FANCF gene (Fanconi Anemia, complementation group F) plays a role in DNA repair and it is mutated in an autosomal recessive gene disorder of humans. It would be useless to examine its regulation in the monkey brain. Genes that had wide spread, peripheral, abundant or universal roles (eg., pertained to histones, chromatid adhesion, cell cycle, kinase activity, ATP activity, EST or open reading frame sequences) were not considered further.

The 28 specific genes chosen for verification with qRT-PCR were determined with different subroutines in GeneSifter and knowledge of the literature. We had evidence, as outlined in the Introduction, that DNA repair was likely targeted. Hence, we queried the database of probe sets showing 2-fold changes using the 'Gene Function' subroutine and the category called 'DNA repair'. Of these, we chose to further examine 12 genes related to DNA repair enzymes that were identified by probes sets exhibiting robust signal intensity and pronounced changes with treatment.

Neurodegeneration studies show 'common disease mechanisms', ie., protein folding (chaperones) ubiquitin proteasome, and axon transport. Regarding chaperones, we focused on heat shock proteins due to our interest in steroid receptor activation where they play prominent roles. Therefore, we used the 'Gene Navigation' subroutine and searched the 2-fold database for 'heat shock.' For the heat shock genes, we chose to further verify individuals in the A, B, C and D families that exhibited robust signal intensities and marked changes with treatment.

To identify ubiquinases, we used the 'Gene Navigation' subroutine and searched the 2-fold database for 'UBE.' The ubiquinase pathway has been divided into activating (E1), conjugating (E2) and ligase (E3) proteins. For verification we chose an individual gene from each category that demonstrated robust signal intensity and a patent change with treatment.

To identify genes coding for axonal transport we used the 'Gene Function' subroutine and examined the 2-fold database for probe sets in the 'axon cargo transport' category. We also examined the 'cytoskeletal-dependent intracellular transport' category as well as individual genes noted to play prominent roles in the literature. We chose 4 genes that code for motor proteins and that were not overly abundant plus the gene that codes for a cytoskeletal protein comprising neurofibulary tangles.

Finally, we were interested in genes related to neurodegenerative diseases in humans. KEGG analysis revealed the altered probe sets related to Alzheimer\'s and Parkinson\'s. Based upon the literature, we chose several prominent genes that code for dysfunctional or toxic proteins in these 2 diseases.

Taqman qRT-PCR array {#S10}
--------------------

A custom Taqman qRT-PCR array was designed (Invitrogen Life Technologies, ABI, Foster City, CA) containing the pivotal genes related to DNA repair and NDDs or underlying pathologies determined as described above. This platform utilizes microfluidic distribution of samples into wells containing custom primers, which eliminated pipetting and sample-to-sample variation. The primers utilize a 5' fluorescent reporter, FAM (Fluorescein amidite; Molecular Probes, Eugene, OR) and a 3' quencher, TAMRA (tetramethylrhodamine), which improves sensitivity. The cards also contain the passive reference dye, ROX, which enables normalization. The genes examined were: [DNA repair- related]{.ul} - NSB1 (nibrin), NTHL1 (endonuclease), LIG4 (ligase), PCNA (proliferating nuclear antigen), POLG (polymerase), SHFM1 (homologous recombination), GADD45A (DNA damage inducible), RAD23A (DNA damage recognition), APEX1 (endonuclease), GTF2H5 (gene transcription factor), PARP2 (transferase), XRCC1 (single strand break repair), SHRPH (histone linker);[chaperones]{.ul} -- heat shock protein (HSP)90, HSP70, HSP60, HSP27;[ubiquinases]{.ul} - UBEA5, UBE2D3, UBE3A (Parkin);[transport motors]{.ul} - KIF5B (kinesin), DNCLC1 (dynein), DCTN4 (dynactin), MAPT (tau); and[disease specific genes]{.ul} - SCNA (α synuclein), ADAM10 (α secretase), APP (amyloid beta precursor protein ) and PSEN1 (presenilin1).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), GUSB and PIAA were measured for reference. GAPDH was used for normalization of the data. TPH2, which is known to increase with E or E+P treatment of Ovx macaques, was included on the Taqman array card as an additional regulatory control. Each sample was assayed in triplicate on the Taqman card.

Reverse transcription of laser captured samples followed by Taqman qPCR {#S11}
-----------------------------------------------------------------------

Reverse transcription and complementary DNA (cDNA) synthesis was performed using Oligo-dT 15 and Random hexamer primers (Invitrogen Life Technologies, Carlsbad, CA) and Superscript III reverse transcriptase (200 U/μg of RNA, Invitrogen Life Technologies) at 42°C for 1 hr. cDNA was treated with RNAse H to disintegrate dsDNA. Total RNA (1.4 to 1.8 μg) from each laser capture pool and from a standard pool of rhesus tissues was transcribed and stored as cDNA at a concentration of 250 ng/μl. Then, 4 concentrations of the standard pool and the samples (7.5 ng) were loaded onto the custom Taqman cards for qPCR in 100 μl of reaction mix. There was a log linear increase in fluorescence detected as the concentration of amplified double-stranded product cDNA increased during the reaction. The fluorescence was detected as cycle threshold (Ct) with an ABI 7900 thermal cycler (Applied Biosystems Inc.) during 40 cycles. The slope of the standard curve was used to calculate the relative picograms of each transcript in the RNA extracted from the laser-captured pools. Then, the ratio of each transcript to GAPDH was calculated for each sample.

Primer selection {#S12}
----------------

For our genes of interest, the ABI Rhesus Monkey primer inventory was examined. For the genes not present in the library, ABI designed and constructed new primers, which were then added to the Rhesus Monkey inventory. The exact primer sequences are proprietary, but the gene names, symbol, AB assay ID, context sequence, and NCBI gene reference information are shown in **[Table 1](#T1){ref-type="table"}**. The microarray signal intensity of a representative probe set is also shown.

Statistical analysis {#S13}
--------------------

GeneSifter obtained the average signal intensity of the 2 animals in each group. The average signal intensities above threshold on the microarrays were further filtered for showing a 2-fold or greater change with E or E+P treatment compared to the Ovx-control group. Thus, included probe sets were detectable, and either the E or E+P group was different from the Ovx group by a factor of 2 or more. A pattern analysis was conducted on the filtered probe sets to determine the total number of probe sets that were increased or decreased by E alone, E and E+P, or by E+P alone. In addition, probe sets exhibiting 2-fold or greater changes were subjected to 'Gene Navigation' or 'Gene Function' subroutine searches. Representative genes were further examined with qRT-PCR. The average relative expression of the 3 groups (n=3 animals/group) from the qRT-PCR assays were compared with ANOVA followed by Newman Keul\'s posthoc pairwise comparison. Finally, the expression of each gene was correlated to all other genes. Variance between animals is not unusual for this type of preparation, and more animals would reduce the chance of making a type 2 error. Therefore, negative results need further confirmation. Comparisons were considered significantly different when there was greater than a 95% chance that the groups were different (p\<0.05). The genes that exhibited a significant difference with ANOVA were further subjected to a multiple comparison False Discovery Rate procedure. GeneSifter was used for probe set filters, pattern analysis and searches; Prism 5.0 from Graph Pad (San Diego, CA) was used for statistical tests; Excel was used to obtain the correlation matrix and the Benjamini-Hochberg/Yekutieli test for False Discovery Rate was applied using MATLAB, Mathworks Central (<http://www.mathworks.com/matlabcentral/fileexchange/27418-benjamini---hochberg-yekutieli-procedure-for-controlling-false-discovery-rate>).

Results {#S14}
=======

General Expression Changes in Laser Captured Serotonin Neurons {#S15}
--------------------------------------------------------------

The entire data set of the 6 Affymetrix microarray chips has been submitted to the Gene Expression Omnibus public database ([www.ncbi.nlm.nih.gov/geo/info/linking.html](http://www.ncbi.nlm.nih.gov/geo/info/linking.html)) and assigned the GEO accession number GSE16169. After exclusion of probe sets that were below threshold or undetectable based upon internal controls on the chip (n= 32,761), the remaining probe sets (19,263) were filtered for 2-fold or greater differences between the groups leaving 10,493 probe sets for categorization. Of these probe sets, GeneSifter finds probe sets that are increased or decreased, which together are termed 'altered'. Further analysis could be obtained by name (Gene Navigation subroutine) or function (Gene Function subroutine). KEGG analysis revealed the number of probe sets on the array and the number of those that were regulated in various pathways. The microarray contained 504 probe sets related to DNA repair of which 124 were detectable and showed a 2-fold or greater alteration (up or down) with treatment. KEGG analysis of ubiquitin mediated proteolysis found 67 of 137 probe sets altered 2-fold or more; and KEGG analysis of ALZ, Parkinson\'s, Huntington\'s and ALS-related genes indicated 310 of 555 probe sets were altered 2-fold or more by treatment, but there is redundancy between the diseases, meaning that this number of altered probe sets is over-estimated. Additional information from KEGG analysis indicated that the Z score for probe sets related to Huntington\'s was 5.81, Alzheimer\'s was 5.85, Parkinson\'s was 6.55, the proteasome was 5.36, the ribosome was 6.06, and cytoskeletal proteins was 2.47, indicating that changes in gene expression related to these pathways was significantly higher than expected in serotonin neurons from hormone-treated individuals.

Specific searches were performed on the 2-fold probe set database with different subroutines as described in the Methods. There was significant redundancy in the probe sets. The 'DNA Repair ' category contained 124 results that included 85 up-regulated and 30 down-regulated probe sets ([supplemental material, S1](#SD2){ref-type="supplementary-material"}). The 'heat shock' search produced 36 results that included 32 up-regulated and 4 down-regulated probe sets ([supplemental material, S2](#SD3){ref-type="supplementary-material"}). The 'UBE' search produced 49 results that included 39 up-regulated and 10 down-regulated probe sets. The 'axon transport category' produced 16 results that included 13 up-regulated and 3 down-regulated probe sets. The 'cytoskeletal-dependent intracellular transport' category showed 30 altered probes sets including 26 up-regulated and 4 down-regulated ([supplemental material, S3](#SD4){ref-type="supplementary-material"}). Based upon the literature, we searched individually for genes that code for proteins governing forward and reverse transport directions (merged with transport category genes in [supplemental table, S4](#SD5){ref-type="supplementary-material"}). Tubulin was excluded from further investigation due to abundance. E or E+P increased the expression of a majority of the genes in our searches. KEGG analysis indicated that 97 probe sets related to Alzeheimer\'s and 80 probe sets related to Parkinson\'s were altered ([supplemental material, S5](#SD6){ref-type="supplementary-material"}).

Within the different functional categories, we chose to verify genes with substantial support in the literature. At the same time, the number of genes verified needed to be reasonable for experimental execution. **[Table 1](#T1){ref-type="table"}** shows the average signal intensity of the duplicate animals/microarray chips for the probe sets of genes that were further examined with qRT-PCR. This study reports 19 of the genes that were examined, plus our internal control, TPH2. Genes not shown exhibited maximum cycle times ([@R40]) in all groups and were considered undetectable in the 50μl sample. These genes included LIG4, NTHL1, PARP2, POLG2, SHPRH, XXRC1 and APEX. It was not clear why APEX was undetectable with qRT-PCR since the signal intensity was moderate on the array. Also not shown was SHFM1, which was detectable in the Ovx placebo group and undetectable in the E and E+P treated groups, and did not agree with the microarray signal intensities. However, SHFM1 was included in the correlation matrix below.

In addition, pattern analysis was performed and the results are shown in **[Table 2](#T2){ref-type="table"}**. There were 5060 probe sets that increased \>2-fold by E alone of which 161 were significantly different (ANOVA, unequal variances, p\<0.05). There were 6946 probe sets that increased \>2 fold in both E and E+P treated groups of which 421 were significantly different. There were 1106 probe sets increased \>2-fold by E+P treatment and not by E alone of which 18 were significantly different. There were 3011 probe sets that were decreased less than half by E alone, of which 263 were significantly different. There were 2807 probe sets that were decreased by half or more in both E and E+P treated groups, of which 297 were statistically different. Finally, there were 2417 probe sets that were decreased by half or more in the E+P treated group and not by E alone, of which 27 were statistically different.

Validation of Expression Changes in Laser Captured Serotonin Neurons {#S16}
--------------------------------------------------------------------

**[Figure 1](#F1){ref-type="fig"}** illustrates the relative expression of 5 genes that code for DNA repair. NBS1 (nibrin) was significantly different between the treatment groups (ANOVA, p = 0.0034). E+P treatment (EP) significantly increased NBS1 expression (Newman-Keuls', p \< 0.05) relative to the Ovx-placebo and E-treated groups (Newman-Keuls', p \< 0.05). PCNA (proliferating nuclear antigen) expression was significantly different between the groups (ANOVA, p = 0.0009). E+P treatment significantly increased PCNA expression relative to the Ovx-placebo and E-treated groups (Newman-Keuls', p \< 0.05). GTF2H5 (gene transcription factor 2H5) expression was significantly different between the groups (ANOVA, p = 0.0031). E and E+P treatment significantly increased GTF2H5 expression relative to the Ovx-placebo treated group (Newman-Keuls', p \< 0.05). The E and E+P treated groups were not different from each other. GADD45A (DNA damage inducible) expression was significantly different between the groups (ANOVA, p = 0.0062). E significantly increased GADD45A compared to the Ovx-placebo group (Newman-Keuls', p \< 0.05), but there was no difference between the Ovx-placebo group and the E+P-treated group, indicating that P suppressed the effect of E. RAD23A (DNA damage recognition) expression was significantly different between the groups (ANOVA p=0.0014). There was a significant increase in RAD23A with E and E+P treatment compared to the Ovx-placebo treated group (Newman-Keuls', p \< 0.05). In addition, E+P-treatment significantly increased RAD23A expression relative to E-treatment (Newman-Keuls', p \< 0.05).

**[Figure 2](#F2){ref-type="fig"}** illustrates the relative expression of 4 genes that code for chaperone proteins, which play important roles in protein folding. HSP90(B1) expression was not different between the groups (ANOVA, p = 0.074), although there was a trend toward increased expression with E treatment relative to the Ovx-placebo group. Due to the small n, the increase may be real due to a type 2 statistical error. HSP70(A8) expression was significantly different between the groups (ANOVA, p = 0.0078). E treatment significantly increased HSP70(A8) expression relative to the Ovx-placebo treated group (Newman-Keuls', p \< 0.05). The E+P treated group was different from the E-treated group and not different from the Ovx-placebo group, suggesting that supplemental P treatment suppressed the E-induced increase in HSP70(A8). HSP60(D1) expression was significantly different between the groups (ANOVA, p = 0.054). E+P treatment significantly increased HSP60(D1) expression relative to the Ovx-placebo treated group (Newman-Keuls', p \< 0.05). However, the E+P group was not different from the E group, suggesting that with more animals, both E and E+P treatments would exhibit elevated HSP60(D1). HSP27(B1) expression was significantly different between the groups (ANOVA, p = 0.004). E and E+P treatment significantly increased HSP27(B1) expression relative to the Ovx-placebo treated group (Newman-Keuls', p \< 0.05).

**[Figure 3](#F3){ref-type="fig"}** illustrates the effect of E or E+P administration on 3 ubiquinases (one each: activating, conjugating, and ligating), which are involved in protein transport to the lysosome for degradation. There was a significant difference between the groups in the expression of UBEA5, UBE2D3 and UBE3A, (ANOVA p= 0.0026, 0.0006 and 0.0001, respectively). E- and E+P-treatment significantly increased the expression of each ubiquinase compared to the Ovx-placebo group (Newman-Keuls', p \< 0.05).

**[Figure 4](#F4){ref-type="fig"}** illustrates the effect of E or E+P on the expression of 3 cytoskeletal motor proteins involved in transport of material to or from the synapse, and the tau protein. There was a significant difference across the groups in expression of KIF5B (kinesin), DCTN4 (dynactin) and DYNCL1 (dynein) (ANOVA p=0.0001, 0.0004 and 0.027, respectively). There was a significant posthoc increase in kinesin with E and E+P treatment; a significant increase in dynactin with E only treatment, and a significant increase in dynein with E-only treatment (Newman-Keuls', p \< 0.05). MAPT (tau) was significantly different by ANOVA (p=0.039) with E+P greater than E (Newman-Keuls' p\<0.05). MAPT did not agree with the signal intensity reported on the microarray.

**[Figure 5](#F5){ref-type="fig"}** illustrates the effects of E or E+P administration on 4 genes related to specific neurodegenerative diseases. There was a significant difference between the groups in ADAM10 that codes for alpha-secretase (ANOVA p= 0.0213). E caused a significant posthoc increase in ADAM10 expression (Newman-Keuls', p \< 0.05). SNCA1 encodes α-synuclein. There was a significant difference between the groups in SNCA1 expression (ANOVA p=0.0001). E- and E+P-treatment significantly increased α -synuclein expression relative to placebo treatment, but E+P-treatment significantly reduced α -synuclein compared to E only treatment (Newman-Keuls', p \< 0.05). APP, amyloid beta (A4) precursor protein, decreased 10-fold with treatment from a ratio of 0.34±0.18 to 0.016±0.003 and 0.013±0.003 in Ovx, E and E+P treated groups, respectively. The variance in the Ovx group prevented statistically significant difference between the groups, but the difference is likely physiologically significant and the analysis would benefit from more animals. PSEN1 (presenillin) expression was significantly different between the groups (ANOVA p=0.0208). E and E+P-treatment significantly decreased PSEN1 expression relative to placebo treatment (Newman-Keuls', p \< 0.05).

Correlation Matrix {#S17}
------------------

The expression of each gene across treatment groups was correlated with all of the other genes and the r^2^ values are shown in **[Table 3](#T3){ref-type="table"}.** A gene correlated with its' self yields a perfect correlation of r^2^ equal to 1.00. Of note, the DNA repair gene, RAD23, exhibited nearly perfect correlation with 2 heat shock proteins and 2 ubiquinases. HSP90 showed high correlation with HSP70, UBEA5, dynactin (DCTN4) and dynein (DNCLC1), as well as α-secretase (ADAM10) and synuclein (SNCA). As expected, presenillin (PSEN1) and amyloid precursor protein (APP) showed moderate to strong inverse correlations with most of the other genes. SHFM1 (split hand and foot mutation1) showed a strong positive correlation with PSEN1 and APP.

Further comparisons {#S18}
-------------------

Of the 29 genes examined with qRT-PCR (including TPH2), 3 did not match the results of the microarray: GADD45, SHFM1, and MAPT which equals \~10%.

A Benjamimi-Hochberg/Yekutieli test for multiple comparisons was conducted on the qRT-PCR data using MATLAB. Twenty-one p-values were entered (20 graphed genes and TPH). The False Discovery Rate Procedure indicated that the critical p was equal to 0.0239 using a false discovery rate of 0.05. This substantiated the majority of our individual results. However, 4 of our significant individual results had p values that ranged from 0.028 to 0.05. These genes included HSPD1, UBEA5, MAPT, DYNCL1.

TPH2 Internal control and GAPHD {#S19}
-------------------------------

TPH2 was determined in the laser-captured samples (n=3/treatment) on the same Taqman card and at the same time. The TPH2/GAPDH ratio significantly increased in the E and E+P-treated groups, respectively, over the placebo-control group (ANOVA p=0.0001; Newman-Keul\'s P\<0.05) indicating that serotonin neurons responded to the treatments. In turn, the increases in TPH2 support the validity of the regulation of other genes. GAPDH was not significantly altered by treatment.

Microarray Discoveries {#S20}
----------------------

The entire probe sets from the different searches that showed 2-fold or greater regulation by E or E+P are shown in the [Supplemental Material](#SD1){ref-type="supplementary-material"}. [Supplementary information](#SD1){ref-type="supplementary-material"} is available at the *Molecular Psychiatry* website.

Steroid Hormone Verification {#S21}
----------------------------

The concentration of E and P in a serum sample obtained from each animal at necropsy was obtained to verify the efficacy of the Silastic implants. The concentration of E in the serum of the E and E+P-treated animals was 136.5±15 pg/ml and the concentration of P in the serum of the E+P-treated animals was 8.17±1.15 ng/ml. The concentration of E is similar to that observed in the mid-follicular or mid-luteal phase and the concentration of P is similar to that observed in the mid-luteal phase ([@R23]). The concentrations of E and P in the serum of the placebo-control animals were 11.0 ± 0.1 pg/ml and 0.16±0.13 ng/ml, respectively (significantly different from treated animals by ANOVA, p=0.01).

Discussion {#S22}
==========

Quality of life surveys have found that depression frequently precedes overt symptomology in neurodegenerative diseases (NDD) regardless of type ([@R24], [@R25]). Depression may inaugurate Alzheimer\'s or appear in later phases ([@R26]), and depression has been observed in the premotor phase in patients affected by Parkinson\'s disease ([@R27], [@R28]). Dysfunction in the serotonin system often underlies depression and different evidential approaches indicate that the serotonin system is affected in Parkinson\'s ([@R29]). Indeed, serotonergic antidepressants are the first-line treatment for depression in AD ([@R30]). However, SSRI administration in Parkinson\'s may worsen motor symptoms ([@R27]); and recent clinical trial data and meta-analysis found inconclusive or no benefit of SSRI\'s in Alzheimer\'s patients ([@R30], [@R31]). A postmortem study of patients with Alzheimer\'s and Parkinson\'s found fewer serotonin neurons in the raphe nuclei ([@R32], [@R33]) as well as neurofibrillary tangles and loss of large neurons ([@R34], [@R35]). It has also been proposed that serotonin neurodegeneration plays a role in depression not related to NDDs ([@R36]-[@R38]).

Reports of beneficial effects of estradiol (E) on Parkinson\'s and Alzheimer\'s diseases have appeared ([@R39]-[@R41]) with supporting information from animal models ([@R42]-[@R44]). The relative risk of developing Alzheimer\'s diminished by about one third in postmenopausal women who had taken E as compared with age-matched women who had not ([@R45]). However, there appears to be an important window of opportunity for the beneficial effects of estrogen therapy ([@R41], [@R46]).

Neurodegenerative disease is usually thought of in the context of severe deficits in motor or cognitive function whereas depression and mood disorders have traditionally been viewed as neurochemical deficits. However, it has recently been suggested that even the psychopathologies may involve functional degeneration of critical central neural systems and many are thought to have a serotonergic etiology ([@R47], [@R48]). There is evidence that depression is accompanied by marked changes in the number or size of neurons and glia in discrete brain regions ([@R49]). In tree shrews, stress increased the incidence of apoptosis in the temporal cortex. Moreover, antidepressant treatment reduced apoptotic neurons to control unstressed levels ([@R50]). The midbrain has not received the attention of the forebrain areas, yet it is the location of the serotonin cell bodies, and these cells control many forebrain functions. Thus, any loss or degeneration of serotonin neurons could have profound ramifications. We have accumulated a body of evidence that the steroid hormones, E and P, play a role in serotonin neuron resilience ([@R7], [@R18], [@R51]). This study shows that E or E+P increases gene expression related to DNA repair, protein folding, protein degradation and axonal transport. In addition, E or E+P decreased expression of genes that code for potentially toxic proteins and increased expression of α-secretase, which prevents production of toxic Aβ fragments.

Of note, the results of the FDR procedure suggested that the significant difference detected between the treatment groups of 4 genes discussed below may be false positives. On the other hand, the small n raises the risk that rejecting these genes as 'not different' or not regulated by E or E+P could be a type 2 statistical error. We are often faced with this issue in primate research and in the past we have found that with more animals, differences become significant (see ([@R16]) versus ([@R52])). Therefore, they are included in the discussion. Furthermore, accepting 4 out of 19 genes as false positives does not change the overall message.

DNA repair minimally requires lesion recognition, single strand excision, lesion removal, gap-filling synthesis, and finally ligation. Repair is divided into BER, or single base excision repair, or NER with excision of 28 nucleotides around the lesion in one strand and gap repair using the other strand as the template ([@R53]). In addition, DNA repair can be divided into subpathways: global genome repair (GGR), transcription-coupled repair (TCR), and transcription domain-associated repair (DAR) ([@R54]). Neurons generally do not replicate their genomic DNA, and can therefore dispense with the task of removing DNA damage from the non-essential bulk of their genome, as long as they are able to maintain the integrity of the genes that must be expressed, or TCR ([@R55], [@R56]).

This study of DNA repair-related gene expression showed a marked effect of ovarian steroids on the expression of 5 relevant genes. NBS1, codes for nibrin, which is involved in DNA double-strand break repair and DNA damage-induced checkpoint activation. Nibrin is a member of the MRE11/RAD50 double-strand break repair complex and the observed increased expression with E+P would support DNA repair ([@R57]). RAD23A codes a protein involved in DNA damage recognition in nucleotide excision repair (NER) ([@R53]). The significant increase in RAD23A with E and E+P indicates improved NER would follow. PCNA codes for proliferating cell nuclear antigen, which contributes to leading strand synthesis during DNA replication and is a cofactor of DNA polymerase delta ([@R58]). The increase in PCNA with E+P suggests that more DNA repair is underway. PCNA-positive cells also increased in embryonic chicken hypothalamic following E treatment ([@R59]). GTF2H5 codes for a subunit of transcription/repair factor TFIIH, which functions in gene transcription and DNA repair. This protein stimulates ATPase activity to trigger DNA opening during DNA repair ([@R60]). The increase in GTF2H5 expression with E and E+P could increase DNA opening for repair. All of these actions would be beneficial to neurons subjected to stresses that lead to DNA damage, such as pro-inflammatory cytokines or environmental toxins. Although GADD45 (growth arrest and DNA damage 45) showed a decrease with E and E+P on the microarray, it was increased by E treatment with qRT-PCR. GADD45 transcript levels are increased following treatment with DNA-damaging agents or cellular stress, and in neurons, they can play a protective role after injury ([@R61]). In general, GADDs are regulators of cell cycle, senescence, survival, and apoptosis. GADD45 proteins also promote DNA methylation, an epigenetic function ([@R62]). Nonetheless, the disagreement between the microarray and qRT-PCR has been rare in our experience.

Chaperones are pivotal for proper protein folding, without which multiple cellular functions go awry. Of significance to Parkinson\'s disease, chaperones are capable of preventing α-synuclein misfolding, oligomerization, and aggregate formation that leads to Lewy Bodies ([@R63]-[@R65]). HSP27 particularly modulates intermediate filament organization under conditions of physiological stress and neurodegenerative disease ([@R66]). We found E or E+P increased gene expression for HSP70, HSP60 and HSP27 and with more power, E or E+P would have stimulated HSP90 as well. E increased HSP90 and HSP70 in rat hypothalamus, which is consistent with our observations ([@R67]). Several of the HSP family members also play important roles in steroid receptor activation, needed for mediating the actions of E and P ([@R68]).

The modification of proteins with ubiquitin is an important cellular mechanism for targeting abnormal or short-lived proteins for degradation ([@R69]-[@R71]). Ubiquitination involves at least three classes of enzymes: ubiquitin-activating enzymes, or E1s, ubiquitin-conjugating enzymes, or E2s, and ubiquitin-protein ligases, or E3s ([@R72]). UBEA5 encodes a member of the E1-type ubiquitin-activating enzyme family. UBE2D5 encodes a member of the E2 ubiquitinconjugating enzyme family and functions in the ubiquitination of the tumor-suppressor protein p53, which is induced by an E3 ubiquitin-protein ligase such as UBE3A. UBE3A is an E3 ubiquitin-protein ligase, the third part of the ubiquitin protein degradation system. It functions similarly to Parkin, which is inactivated in Parkinson\'s ([@R73]). E, with or without supplemental P, significantly increased gene expression for these 3 ubiquinases. In fact, supplemental P significantly increased gene expression for UBE3A over induction by E alone, further supporting a neuroprotective effect of P as well as E.

Axonal transport defects also play a role in neurodegeneration ([@R74]-[@R76]). We recently discovered that axonal transport of serotonin is severely compromised by aromatase inhibition, indicating that it was supported by E ([@R77]). E administration to ovariectomized monkeys also markedly elevated gene transcription underlying RhoGTPases and actin remodeling in serotonin neurons ([@R19]). These observations prompted examination of the expression of genes related to axonal transport. Herein we show that KIF5B, which codes for kinesin (anterograde); DYNCL1, which codes for dynein (retrograde) and DCTN4, which codes for dynactin (dynein adaptor), were all increased by E ± P. These 3 proteins are critical motors for the transport of vesicles through axons. An important caveat is that serotonin is not packaged in vesicles until prior to release; and it is thought to diffuse through the cytoplasm. However, the movement of serotonin over long distances is not compatible with diffusion. Classical fast axonal transport involves moving cargo vesicles along actin fibers, whereas slow axonal transport moves hundreds of soluble or cytoplasmic proteins. The slow transport may involve highly kinetic association/disassociation of soluble factors with a mobile carrier ([@R78]). However, studies have been limited to soluble proteins and not biogenic amines. Nonetheless, VMAT, the vescicular monoamine transporter, is moved by fast axonal transport in vesicles and serotonin might associate with this cargo.

Depression can occur prior to, or coincident with, symptomology and diagnosis in NDDs ([@R24], [@R79]). Moreover, inflammation, mitochondrial dysfunction and neurodegeneration of serotonin neurons has been linked to depression ([@R36], [@R37]). Based upon the KEGG analysis and Z-scores related to NDDs in laser--captured serotonin neurons, there was reason to further validate the effect of E and P on several genes directly related to NDD, even though the serotonin system has not been proven to be a first order target in most cases. In addition, the major motor neurodegenerative diseases have not been observed in nonhuman primates nor do rhesus monkeys have plaques or tangles associated with ALZ. Therefore, the actions of E or E+P are assumed to be executed on normally expressed genes in macaques without NDD.

APP codes for amyloid beta (A4) precursor protein, and it was decreased 10-fold by E or E+P. Ovariectomy increased APP in the hippocampus of rats, which is consistent with our data ([@R80]). Decreasing expression of this potentially toxic protein should be beneficial ([@R81]). ADAM10 encodes the alpha (α) secretase enzyme, which under normal conditions cleaves APP within the luminal/extracellular domain to yield soluble APP derivatives and membrane tethered a or bcarboxyl-terminal fragments that are not toxic. Its expression is upregulated during neuronal differentiation and after neural injury and the APP/α-secretase derivative peptides have proposed roles in cell signaling, long-term potentiation, and cell adhesion ([@R82]). The induction of normal ADAM10/alpha-secretase gene expression by E suggests another mechanism by which E is neuroprotective and agrees with ex vivo assessments in guinea pigs ([@R43]). In Ovx rats, administration of E prior to Aβ injection decreased cholinergic neuron loss and partly prevented fiber degeneration ([@R83]).

SCNA1 encodes for α -synuclein; although, the normal function of α-synuclein is not well understood. Studies suggest that it plays an important role in maintaining a supply of synaptic vesicles in presynaptic terminals ([@R14]). The increase in SCNA1 observed with E indicates a mechanism by which E could facilitate synaptic transmission. Mutations in SNCA1 are associated with early onset of Parkinson\'s disease and mis-folded α-synuclein is also a sizeable component of Lewy bodies ([@R14]).

The expression of tau (MAPT gene) was increased by E+P, but the difference was small and it surfaced as a false positive. Tau protein is a highly soluble microtubule-associated protein (MAP) that is active primarily in the distal portions of axons where it interacts with tubulin to stabilize microtubules and promote tubulin assembly into microtubules. Neither short- nor long-term E treatment affected Tau protein expression in the prefrontal cortex of rats ([@R84]). It is possible that tau is regulated at the protein level or differentially compartmentalized. However, other genes encoding important transport motor proteins, kinesin, dynactin and dynein, were clearly increased by E and/or E+P.

Notably, E or E+P severely suppressed PSEN1, which encodes presenillin, best known for its role in ALZ. Cleaved fragments of presenillin form the proteolytic subunit of gamma (γ)-secretase. This enzyme is responsible for a toxic cleavage of APP that yields amyloid- β40−42 or Aβ components of ALZ plaques ([@R85]). The dramatic inhibition of PSEN1 gene expression by E or E+P further suggests that repression of γ-secretase activity is important for neuronal viability. Zheng and colleagues demonstrated that E administration reduced Aβ levels in transgenic models of amyloidosis ([@R86]) and E treatment of neuronal cultures also decreased expression of PSEN1 ([@R87]). Thus several studies suggest that in the absence of E, an elevation in PSEN1 leads to the production and precipitation of Aβ in neurons that in turn, could contribute to dysfunction. Our data suggest that serotonin neurons are susceptible to this pathology.

It may be noted that supplemental P treatment caused different patterns of expression in different genes. In previous studies, as in this study, supplemental P may either (1) augment the effect of E, or (2) suppress the effect of E or (3) be neutral so that the effect of E+P is equal to the effect of E alone. We have observed all of these patterns in both *in situ* hybridization assays and in qRT-PCR assays. At this time, there does not seem to be an overarching explanation for the different interactions of P with E. We showed that serotonin neurons in female macaques contain ERβ and PR ([@R88], [@R89]). While these receptors bind to cognate response elements, they can also block other transcription factors ([@R90]) and compete for common co-regulators ([@R91]-[@R94]). We can only guess that PR has various mechanisms of action in a gene specific manner.

In a similar vein, we observed strong correlation between several genes from the same or different categories in this study. It is attractive to speculate that the steroid receptor mechanisms operate on the correlated genes in a like manner. It is also possible that the correlated genes are impacting one another. The DNA repair gene, RAD23A, exhibited nearly perfect correlation with HSPs 60 and 27, as well as ubiquinases UBE2D3 and UBE3A, which have conjugating and ligase activities, respectively. This is consistent with the need for ubiquitinproteosome activity for NER. RAD23A has a ubiquitin-binding domain for UBE2D3, which is required for optimal NER. In this case, the UBE2 domain of RAD23 is a conserved stabilization signal that allows RAD23 to interact with the proteasome without destruction ([@R95], [@R96]). HSP chaperones are not only important for protein folding, but also play critical roles in DNA repair ([@R97]-[@R101]). HSP90 showed high correlation with HSP70, UBEA5, DCTN4 (dynactin) and DNCLC1 (dynein), as well as ADAM10 (α-secretase) and SNCA (synuclein). This is consistent with HSP90 and HSP70 inhibition of aggregation and related functions ([@R102]), as well as signaling protein movement ([@R103]). PSEN1 (presenillin) and APP (amyloid precursor protein), were both decreased by treatments; they strongly correlated with each other, and each showed moderate to strong inverse correlations with most of the other genes. The coded protein of PSEN1 is a subunit of γ-secretase, which acts on APP to produce Aβ. The coordinated decrease in expression of both genes by ovarian steroids would be decidely neuroprotective.

The changes in gene expression reported in this study are part of a larger effect of E and E+P on gene expression in multiple pathways of serotonin neurons. We previously reported the effect of E and E+P on genes related to function and neurotransmission ([@R1]), apoptosis ([@R18]), spinogenesis ([@R19]), synaptogenesis ([@R21]) and glutamate neurotransmission ([@R20]). Many other pathways contain genes that were altered as well, including but not limited to those coding for adhesion, extracellular matrix, intracellular scaffolds, microtubule associated proteins, membrane proteins, growth factors, vesicles, receptors, channels, etc. Almost any pathway involved in the health, maintenance, or function of serotonin neurons likely has genes that are altered by ovarian hormones. E and/or E+P altered (up and down) by 2-fold or more \~10,000 probe sets. The number of probe sets that were altered by E or E+P may seem high, but in our first report of gene expression in laser captured neurons ([@R18]), we described a vast improvement in the detection of expression changes compared to a block of tissue. We speculated that even a small block of tissue would contain many other cell types that could obscure expression changes in serotonin neurons. In addition, this number of probe sets likely has some false positives, and many of the probe sets did not exhibit robust signal intensity. It is also important to remember that any one gene may have 1-6 probe sets on the array with an average of 2-3 probe sets/gene. If \~3000 genes were up or down regulated by either or both of the treatment groups, this does not approach the number of active genes in a cell at a given moment ([@R104]). This number may also be lower due to the noise in microarrays. In addition, ERα and ERβ are expressed by phenotypically diverse neurons throughout the brain ([@R105]). This means that E, acting via the transcription factor, ER, has an important role in the whole brain, and not just in serotonin neurons.

Nonetheless, this study provides further molecular support to the concept that the pathologies of NDDs may also manifest in serotonin neurons and lead to the onset of depression prior to, or coincident with, overt symptomology. The data also support the idea that serotonin neurodegeneration plays a role in depression, which has been previously proposed ([@R36]-[@R38]). However, the concept that ovarian hormone loss acts through gene expression and leads to serotonin neurodegeneration, which contributes to postmenopausal and age-associated depression, as well as depression associated with NDDs, provides crucial integration of a loose association of available information. It makes sense that administration of hormone therapy or antidepressants long after menopause or onset of NDD would be useless if the target neurons were gone.

The ability of ovarian hormones to prevent serotonin neurodegeneration in the Ovx monkey model encourages early hormonal intervention in perimenopausal women as proposed by Schmidt and Rubinow ([@R106]). Moreover, serotonergic antidepressants appear to have some neuroprotective/ neurotropic qualities as well ([@R107]), and limited data suggest that serotonergic antidepressants are more efficacious in women who have used hormone therapy ([@R108]).

In conclusion, we found that ovarian steroid hormones had a number of beneficial effects related to serotonin neuron viability. E or E+P increased gene expression associated with DNA repair, protein folding, protein degradation, axonal transport and the expression of 2 normal genes that become pathological in neurodegenerative disease. E or E+P also decreased expression of presenillin and APP, potentially pathological proteins of Alzheimer\'s disease. Together, the data indicate that hormone replacement therapy acts in numerous ways to promote serotonin neuronal viability and perhaps protect from NDDs. The genes examined also suggest a mechanism whereby NDD pathologies may manifest in serotonin neurons.
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![Histograms illustrating the expression of 5 genes that code for proteins that are involved in DNA repair. NBS1 (nibrin) and PCNA (proliferating nuclear antigen) were significantly increased with E+P treatment (EP on graph). GTF2H5 (gene transcription factor) and RAD23A (DNA damage recognition) were significantly increased by E or E+P treatment. GADD45A (DNA damage inducible) was significantly increased by E, but addition of P blocked the effect of E.](nihms-642757-f0001){#F1}

![Histograms illustrating the expression of 4 genes that code for chaperone proteins that are involved in protein folding. All of the examined chaperone genes showed an increase in expression with E or E+P treatment (E, EP on graph) to varying degrees of significance. HSP70 and HSP27 exhibited significant increases in expression with E and EP treatments. HSP60 was significantly increased by EP treatment and showed a strong trend toward an increase with E only treatment. HSP90 exhibited a trend toward increased expression with E or E+P treatment.](nihms-642757-f0002){#F2}

![Histograms illustrating the expression of 3 genes that code for ubiquinases, which are proteins that designate and traffic other proteins for degradation. There was a significant increase in the expression of all 3 ubiquinase genes with E or E+P treatment (E, EP on graph).](nihms-642757-f0003){#F3}

![Histograms illustrating the expression of 3 genes that code for transport motor proteins and MAPT that codes for a cytoskeletal protein present in neurofibrillary tangles. E and E+P (E, EP on graph) significantly increased expression of KIF5B (kinesin); and E alone significantly increased DCTN4 (dynactin) and DYNCL1 (dynein). E significantly suppressed MAPT compared to E+P.](nihms-642757-f0004){#F4}

![Histograms illustrating the expression of 4 genes that code for proteins known to be aberrant in different NDDs. ADAM10 (α-secretase) and SNCA1 (α -synuclein) were significantly increased by E or E+P treatments (E, EP on graph). PSEN1 (presenillin) was significantly decreased by E and E+P. APP (amyloid beta precursor protein) was not statistically different between the groups, but it exhibited a downward trend with E or E+P in a fashion similar to PSEN1.](nihms-642757-f0005){#F5}

###### 

Gene names, symbol, AB assay ID, context sequence, and NCBI gene reference information of genes included on the Taqman qRT-PCR card. The microarray signal intensity of a representative probe set is also shown.

  Gene Symbol              Gene Name                                            Function of encoded protein                                                                                        Ref Seq              ABI assay ID                     Array Signal   
  ------------------------ ---------------------------------------------------- ------------------------------------------------------------------------------------------------------------------ -------------------- -------------------- ----------- -------------- ----------
  ***Increased***                                                                                                                                                                                                                                                       
  **1. NBN \[NBS1 \]**     **nibrin**                                           **part of double strand break repair complex**                                                                     **XM_001085033.1**   **RhO1039845**       **21**      **340**        **369**
  **2. NTHL1\***           **Nth endonuclease Ill-like 1**                      **DNA N-glycosylase of the endonuclease III family that has apurinic/ apyrimidinic lyase activity**                **XM_001082772.2**   **Rh00959765-m1**    **33**      **220**        **79**
  **3. LIG4\***            **ligase IV, DNA, ATP-dependent**                    **DNA ligase essential for DNA double-strand break (DSB) repair through nonhomologous end joining**                **XM_001084107**     **Rh04269856**       **55**      **188**        **225**
  **4. GTF2H5**            **General transcription factor IIH, polypeptide5**   **catalytic subunit of transcription/repair factor TFIIH, which functions in gene transcription and DNA repair**   **NM_001190969.1**   **Rh02792678_m1**    **562**     **1240**       **1009**
  **5. POLG2\***           **polymerase DNA directed γ2**                       **mitochondrial DNA polymerase; performs base excision repair (BER)**                                              **XM_001109823.2**   **Rh00945165_m1**    **57**      **164**        **269**
  **6. PCNA**              **proliferating cell nuclear antigen**               **BER gap filling**                                                                                                **XM_001115746.2**   **Rh02806147_m1**    **185**     **631**        **449**
  **7. DSS1 (SHFMl)\***    **Split hand/foot malformation**                     **homologus recombination double strand break**                                                                    **XM_001091523.2**   **Rh02860294_m1**    **658**     **2137**       **1421**
  **8. RAD23A**            **RAD23 homolog A**                                  **Involved in nucleotide excision repair (NER)**                                                                   **XM_001110103.2**   **Rh00908422_m1**    **337**     **701**        **319**
  **9. APEX1 (REFl)\***    **apurinic/apyrimidinic endonuclease 1**             **multifunctional DNA repair enzyme**                                                                              **XM_001090240.2**   **Rh02793202_m1**    **588**     **1356**       **928**
  **10. PARP2\***          **poly(ADP-ribosyl)transferase-like 2**              **capable of catalyzing a poly(ADP-ribosyl)ation reaction**                                                        **XM_001088314.2**   **Rh02857777_m1**    **13**      **172**        **39**
  **11. XRCCl\***          **X-ray repair complementing**                       **efficient repair of DNA single-strand breaks formed by exposure to Ionizing radiation and alkylating agents**    **XM_001100256.2**   **Rh02860275_m1**    **79**      **305**        **115**
  **12. SHPRH\***          **SNF2 histone linker**                              **contains motifs characteristics of several DNA repair proteins, transcription factors, and helicases**           **XM_001086512.2**   **Rh02797744_m1**    **188**     **568**        **425**
  ***Decreased***                                                                                                                                                                                                                                                       
  **13. GADD45**           **growth arrest-DNA-damage-inducible γ**             **Increases with treatment of DNA-damaging agents; activates p38/JNK pathway**                                     **XM_001095413.2**   **RhOI 071483_m1**   **179**     **116**        **87**
  **Chaperones**                                                                                                                                                                                                                                                        
  **14. HSPCB (HSP90)**    **heat shock protein 90kD**                          **molecular chaperone with key roles In signal transduction, protein folding, protein degradation**                **NM_001195524.1**   **Rh02790147_m1**    **890**     **9712**       **2563**
  **15. HSPA8 (HSP70)**    **heat shock 70kD protein 8 (?constitutive)**        **binds to nascent polypeptides to facilitate correct folding; ATPase in the disassembly of clathrin-coated**      **XM_002799828.1**   **Rh04269846_g1**    **238**     **2390**       **425**
  **16. HSPD1 (HSP60)**    **heat shock 60kD protein 1**                        **(chaperonin)essentlal for the folding and assembly of newly imported proteins in the mitochondria**              **NM_002156.4**      **Hs01036753_g1**    **629**     **2657**       **1392**
  **17. HSPB1 (HSP27)**    **heat shock 27kD protein 1**                        **stress resistance and actin organization;stress induced translocation from cytoplasm to nucleus**                **XM_001109274.2**   **Rh02980144_s1**    **823**     **2680**       **1136**
  **Ubiquinases**                                                                                                                                                                                                                                                       
  **18. UBE1 \[UBA5 \]**   **Ubiquitin-like modifier activating enzyme 1**      **catalyzes the first step in ubiquitin conjugation to mark cellular proteins for degradation**                    **NM_024818.3**      **Hs01566989_m1**    **73**      **148**        **211**
  **19. UBE2D3**           **Ublquitin-conjugating enzyme E2D 3**               **conjugating enzyme: functions in the ubiquitination of the tumor-suppressor protein p53**                        **NM_181892.2**      **Hs01518517_m1**    **1089**    **4720**       **3063**
  **20 UBE3A**             **ubiquitin protein ligase E3A**                     **part of the ubiquitin protein degradation system; maternally expressed In brain**                                **XM_002804686.1**   **Rh00963674_m1**    **77**      **311**        **391**
  **Transport**                                                                                                                                                                                                                                                         
  **21. KIF5B**            **kinesin family member 5B**                         **forward transport; axonal function**                                                                             **XM_002805607.1**   **RhO1037194_m1**    **999**     **7049**       **4581**
  **22. DCTN4**            **dynactin 4 (p62)**                                 **retrograde microtubule-mediated trafficking**                                                                    **XM_001109230.2**   **RhOI092757**       **296**     **1003**       **579**
  **23. DNCLC1**           **Dynein, light chain, LC8-type 1**                  **major molecular motor in retrograde axonal transport**                                                           **NM_001037495.1**   **Hs00867659_g1**    **4431**    **10043**      **7009**
  **24. Tau (MAPT)**       **microtubule-associated protein tau**               **binds to microtubules and regulate the stability of these cytoskeletal structures**                              **XM_001115803.2**   **Rh04269822_m1**    **690**     **1906**       **854**
  **Disease**                                                                                                                                                                                                                                                           
  **25. APP**              **amyloid beta (A4) precursor protein**              **fragments promote transcriptional activation, or basis of amyloid plaques**                                      **XM_002803170.1**   **Rh01552279_m1**    **15596**   **4570**       **8352**
  **26. ADAM 10**          **ADAM metallopeptidase domain 10**                  **alpha secretase cleavage of APP precludes amyloid beta formation**                                               **XM_001097016.2**   **Rh01109565_m1**    **508**     **1338**       **911**
  **27. PSEN1**            **presenile 1**                                      **fragments form gamma-secretase transmembrane protease that produces toxic a-beta 40-42**                         **XM_001088635.2**   **Rh02826228_m1**    **431**     **1437**       **632**
  **28. SNCA**             **alpha-synudein**                                   **Integrate presynaptic signaling and membrane trafficking; defects implicated in Parkinson\'s, Alzheimer\'s**     **XM_001095402.2**   **Rhl103386_m1**     **528**     **2220**       **920**

###### 

Patterns of overall gene expression in enriched preparations of macaque serotonin neurons. Probe sets that were detectable according to Affymetrix internal controls were examined for different patterns of expression. The patterns of expression are listed at the top of the table. The number of probe sets that exhibited each pattern of expression and the number of probe sets that were different by ANOVA corrected for unequal variance at p\<0.5 are shown for each pattern.

  Patterns                  Ov=1; E\>2; EP=1   Ov=1; E\>2; EP\>2   Ov=1; E=1: EP\>2   OV=1; E\<0.5; EP=1   Ov=1; E\<0.5; EP\<0.5   OV=1; E=1; EP\<0.5
  ------------------------- ------------------ ------------------- ------------------ -------------------- ----------------------- --------------------
  **Probe sets**            5030               6943                1103               3011                 2807                    2471
  **Probe sets, p\<0.05**   161                421                 18                 263                  297                     27

###### 

Correlation matrix of the genes that were detectable in the qRT-PCR assay.

                  NBN (NBSl)   GTF2H5    PCNA      SHFM1     RAD23A    GADD45    HSP90     HSP70     HSP60     HSP27     UBA5      UBE2DB    UBEBA     KIF5B     DCTN4     DNCLC1    MAPT      APP       ADAM10    PSEN1     SNCA     TPH2
  --------------- ------------ --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- -------- --------
  NBN \[NBS1\]    1.0000                                                                                                                                                                                                              
  GTF2H5          0.7626       1.0000                                                                                                                                                                                                 
  PCNA            0.9954       0.8211    1.0000                                                                                                                                                                                       
  SHFM1           −0.6758      −0.9922   −0.7433   1.0000                                                                                                                                                                             
  RAD23A          0.8072       0.9974    0.8601    −0.9806   1.0000                                                                                                                                                                   
  GADD45          −0.5333      0.1404    −0.4498   −0.2631   0.0688    1.0000                                                                                                                                                         
  HSPCB (H5P90)   −0.3345      0.3544    −0.2427   −0.4685   0.2862    0.9756    1.0000                                                                                                                                               
  H5PA8 (HSP70)   −0.1456      0.5289    −0.0501   −0.6308   0.4665    0.9145    0.9810    1.0000                                                                                                                                     
  HSPD1 (HSP60)   0.8571       0.9869    0.9026    −0.9589   0.9959    −0.0214   0.1986    0.3848    1.0000                                                                                                                           
  HSPB1 (H5P27)   0.5706       0.9664    0.6467    −0.9909   0.9453    0.3903    0.5830    0.7294    0.9121    1.0000                                                                                                                 
  UBE1 \[UBA5\]   0.2847       0.8372    0.3752    −0.8990   0.7956    0.6591    0.8082    0.9070    0.7378    0.9497    1.0000                                                                                                       
  UBE2D3          0.6245       0.9814    0.6964    −0.9977   0.9651    0.3276    0.5271    0.6818    0.9376    0.9977    0.9265    1.0000                                                                                             
  UBE3A           0.8087       0.9972    0.8614    −0.9801   1.0000    0.0662    0.2837    0.4642    0.9962    0.9445    0.7941    0.9644    1.0000                                                                                   
  KIF5B           0.9774       0.8820    0.9932    −0.8162   0.9137    −0.3427   −0.1280   0.0666    0.9466    0.7312    0.4807    0.7753    0.9147    1.0000                                                                         
  DCTN4           −0.5317      0.1423    −0.4481   −0.2649   0.0707    1.0000    0.9760    0.9153    −0.0195   0.3921    0.6605    0.3295    0.0681    −0.3408   1.0000                                                               
  DNCLC1          0.1588       0.7597    0.2527    −0.8350   0.7109    0.7505    0.8773    0.9537    0.6446    0.9014    0.9917    0.8703    0.7091    0.3637    0.7518    1.0000                                                     
  MAPT            0.9270       0.4643    0.8868    −0.3500   0.5269    −0.8117   −0.6636   −0.5061   0.6013    0.2209    −0.0957   0.2859    0.5290    0.8269    −0.8106   −0.2232   1.0000                                           
  APP             −0.4867      −0.9362   −0.5682   0.9728    −0.9085   −0.4794   −0.6604   −0.7934   −0.8671   −0.9951   −0.9760   −0.9862   −0.9074   −0.6602   −0.4811   −0.9398   −0.1234   1.0000                                 
  ADAM10          −0.5470      0.1243    −0.4643   −0.2473   0.0525    0.9999    0.9719    0.9078    −0.0377   0.3753    0.6467    0.3122    0.0500    −0.3579   0.9998    0.7396    −08211    −04651    1.0000                       
  P5EN1           −0.4801      −0.9335   −0.5620   0.9710    −0.9053   −0.4860   −0.6660   −0.7980   −0.8633   −0.9943   −0.9776   −0.9850   −0.9042   −0.6545   −0.4877   −0.9423   −0.1160   1.0000    −0.4717   1.0000             
  SNCA            −0.0994      0.5678    −0.0036   −0.6663   0.5071    0.8947    0.9710    0.9989    0.4273    0.7604    0.9256    0.7151    0.5049    0.1130    0.8956    0.9666    −04654    −0.8209   0.8873    −0.8252   1.0000   
  TPH2            0.2128       0.7943    0.3055    −0.8640   0.7485    0.7130    0.8496    0.9357    0.6857    0.9238    0.9972    0.8961    0.7468    0.4144    0.7144    0.9985    −0.1692   −0.9572   0.7015    −0.9593   0.9511   1.0000
